Abstract. The recombination activating gene products (RAG1 and 2) catalyze the initial DNA cleavage steps during V(D)J recombination for the diversification of the immune repertoire. As the fundamental properties of the RAG proteins remain largely unknown, our objective is to investigate the self-association and conformational properties of RAG1. To analyze RAG1 association and dissociation, a time course of multi-angle laser light scattering measurements (MALL SEC) was performed on samples at different oligomerization states over a wide range of ionic strengths. The molecular masses of the predominant RAG1 species corresponded to dimer, tetramer, and a previously uncharacterized octamer state. Furthermore, the fraction of RAG1 in the tetrameric and octameric states increased significantly over time at lower ionic strengths, indicating that these oligomeric forms may factor into the physiological function of RAG1. Circular dichroism (CD) analysis of RAG1 showed a significant dependence in secondary structure on ionic strength with changes in α-helical content over time that may correspond to the changes in oligomerization states shown by MALLS SEC. Together, the MALLS SEC and CD analyses of RAG1 self-association properties and secondary structure give further insight into formation of the protein complex responsible for catalyzing V(D)J recombination.
Introduction
V(D)J recombination is responsible for assembling the immunoglobulin and T cell receptors in developing lymphocytes [11, 13, 19] . In this process, gene segments from two or three different pools termed V (variable), D (diversity), and J (joining) are selected and joined together to form functional genes containing the sequence diversity necessary for antigen specific receptors. Two lymphoid-specific proteins, RAG1 and RAG2 (recombination activating gene products 1 and 2), form the VDJ recombinase that catalyzes the initial DNA cleavage step in the recombination reaction [23] . Recombination signal sequences (RSS) flank each V, D, and J segment and direct the RAG proteins to the cleavage sites [19] . The RSS consists of conserved heptamer and nonamer sequences separated by a spacer of 12 or 23 base pairs. Efficient V(D)J recombination occurs only between RSS of dissimilar spacer lengths, a stipulation known as the 12/23 rule.
The mechanism of V(D)J recombination occurs in two phases. In phase 1, the recombinase binds to the DNA at the RSS and induces a single stand nick at the border between the RSS and the V, D, or The core region (384-1008) includes the N-terminal region (384-527), central domain (528-760), and C-terminal domain (761-979). Located within the core region, the DDE triad comprises the active site of RAG1 and contains residues D600, D708, and E962. ZDD, zinc dimerization domain; NBR, RSS nonamer-binding region; ZFB, zinc finger motif.
J coding segment. The resulting 3 hydroxyl group of the coding segment then performs nucleophilic attack on the opposite strand of the DNA, resulting in a covalently sealed hairpin structure in the DNA at the terminal end of the coding segment and a double stranded break between the RSS and coding segment [23] . After the DNA is cleaved in the first step, the RAG proteins remain bound to both the signal [1] and the coding ends [16] , perhaps directing the joining process in phase 2, where the ends of the two coding segments (coding ends) are processed and joined together and the ends of the two RSSs (signal ends) are joined by proteins in the non-homologous end joining pathway of DNA repair [13, 21] .
The majority of studies on the RAG proteins have used the core regions of both proteins. Expressed as a fusion to maltose binding protein (MBP), the core region of RAG1 is soluble and contains all the DNA binding properties and the active site necessary for full activity as compared to the full-length protein [13] . Shown in Fig. 1 , the core region of RAG1 consists of residues 384-1008 of 1040 [31, 33] . A triad of acidic residues (Asp600, Asp708, and Glu962) called the DDE motif is located within core RAG1 [12, 17, 18] . This motif is necessary for RAG endonucleolytic activity. It is speculated to coordinate one or two divalent metal cations as do other enzymes with the motif [15] . Core RAG1 binds to the canonical RSS with specificity for both the nonamer and the heptamer regions [2, 29] .
Several regions within RAG1 important for its function during V(D)J recombination have been identified. The N-terminal region of core RAG1 contains the nonamer binding region (NBR). This region spans residues 384-454 (see Fig. 1 ) and recognizes the nonamer of the RSS [9, 35] . The central domain (528-760) within core RAG1 binds specifically to the RSS heptamer [4] with strong affinity when the DNA is in single stranded form, indicating a conformational change in the RSS at the heptamer during the mechanism of V(D)J recombination [25] . RAG2 does not appear to bind the DNA directly, but rather to facilitate interaction between RAG1 and the RSS, possibly by inducing a conformational change within RAG1 or the RSS [10, 14, 38] .
Multiple protein-DNA complexes participate during V(D)J recombination. Specifically, during phase 1, the RAG proteins can bind to a single 12 or 23 RSS independently (a single RSS complex) or to both simultaneously (a paired complex) [16] . Under physiological conditions, the nick can occur in either complex, but formation of the hairpin requires the paired complex [40] . The single and paired complexes of phase 1 are still largely undefined, with conflicting reports on the stoichiometry of RAG1 and RAG2 in each complex [5, 24, 37, 38] .
Understanding both the homo-and hetero-oligomerization properties of the RAG proteins is essential in elucidating the macromolecular interactions of the reaction, since multiple complexes may play roles in both phase 1 and phase 2. It was previously shown that RAG1 forms dimeric [29] and tetrameric species [14] in solution able to complex with RAG2 and bind to DNA [14] . The structural and oligomer-ization properties of RAG1 have been reported to be sensitive to salt concentration, indicating that ionic interactions are involved [14] . Here we examined the association and dissociation of separated RAG1 oligomers, as well as changes in secondary structure, at different ionic strengths over time. We discovered an octameric form of RAG1 stabilized at lower ionic strengths similarly to the tetramer. In addition, dimer and octamer demonstrate a difference in secondary structure with structural changes over time and in response to ionic strength that correspond to subunit association and dissociation.
Results

Oligomeric species of core RAG1
Multi-angle laser light scattering (MALLS) analysis gives the absolute mass of macromolecules independent of molecular shape. Individual species can be analyzed separately when size exclusion chromatography (SEC) is coupled with MALLS, allowing separation of components into fractions [39] . SEC data used alone for mass measurements by comparison of elution profiles of proteins with known molecular masses is subject to misinterpretation due to shape dependent factors contributing to the elution profile. Previous studies using SEC indicated that core RAG1 fused to MBP (MCR1) is predominantly dimeric in solution [29] . However, studies using MALLS SEC resolved a second major species, tetramer MCR1, that also exists in solution [14] . Furthermore, the presence of additional higher order species was predicted, although the results were inconclusive. For further analysis of the association and dissociation properties of core RAG1 oligomers, we pooled two separate species of RAG1 after the gel filtration step of purification in buffer containing 0.2 M NaCl for use in MALLS SEC and circular dichroism (CD) studies: sample that eluted as predominantly dimer with some tetramer (referred to as the dimer:tetramer sample) from gel filtration during purification and sample that eluted earlier as higher order oligomer. Representative molecular mass distribution plots are shown in Fig. 2 , panels A and B, for the dimer:tetramer and the higher order oligomer samples, respectively. In panel A, two separate peaks eluted from a Superdex 200 column were detected by light scattering. Peak 2 represents the predominant species as it is the most intense peak. Its calculated molecular mass of 254.5 ± 0.7 kDa is within 10% of the predicted molecular mass of 231 kDa for dimeric MCR1 based on amino acid composition. The plateau in the molecular mass profile at peak 2 indicates that the species is monodisperse across the peak.
Peak 1 yields an average molecular mass of 465.7 ± 3.0 kDa which corresponds well to the predicted molecular mass for tetrameric MCR1 (462 kDa). The incline in the molecular mass profile at peak 1 indicates that the species is somewhat polydisperse. A small percentage of oligomers of a higher order than tetramer are likely unresolved from the tetramer by the Superdex 200 column. That the molecular mass is within 1% of the predicted molecular mass for tetrameric MCR1 indicates that the concentration of the oligomers of higher order than tetramer is small in the sample, with their larger size giving a disproportionably greater contribution to the light scattering signal.
Importantly, no plateaus in the molecular mass profile or peaks in the elution profile are present for monomeric or trimeric MCR1, consistent with earlier studies [14] . Furthermore, the oligomerization of MCR1 is due solely to the core region, rather than to the MBP tag. The elution profile of MBP shows a single monodisperse peak [14] , consistent with small-angle X-ray scattering measurements demonstrating that MBP is monomeric up to concentrations of 20 mg/ml [27] . Last, although the non-core regions of RAG1 may contribute to the oligomerization properties of full length RAG1 by extending the oligomerization interfaces, they likely do not affect the types of species formed. The ZDD domain (residues 265-380) expressed by itself as a fusion to MBP forms a dimer at micromolar concentrations [27] . Previous MALLS SEC studies of MBP-RAG1zc (residues 265-1008 fused to MBP) show no altered oligomerization states, although the ratio of tetramer to dimer is enhanced [14] .
To further investigate the higher order oligomeric forms of MCR1, we performed MALLS SEC analysis on sample pooled early in the elution profile during purification to determine whether there are stable oligomers higher than tetramer that can dissociate to dimer. The molar mass distribution plot is shown in panel B (Fig. 2) . Peak 1, the predominant species in this sample, demonstrates a molecular mass of 902.5±0.040 kDa which is within 2.3% of the predicted molecular mass for octameric MCR1 (924 kDa). In the higher order oligomer sample, peak 1 is shifted about 0.7 ml earlier in the elution profile, as compared to peak 1 in the dimer sample in panel A. This is consistent with peak 1 in panel B being octamer as compared to the tetrameric species in panel A. In panel B, peak 2 corresponds to dimeric MCR1. It is a very minor species, constituting only 10% of the total sample by peak integration.
Interestingly, no tetramer intermediate is detected in the octamer sample. There are several possibilities to explain its absence. It is possible that the octamer may directly dissociate into dimer. A second possibility is that the tetramer and octamer may be in fast exchange in peak 1, with the major form in the peak reflected by the molecular mass. Last, both octamer and tetramer may exist in stable forms yet be difficult to resolve due to limitations of the column at such high molecular weights. If low quantities of the tetramer are present, their presence could be masked by the higher molecular weight of the octamer. In any case, the octameric form is the major species of RAG1 in the higher oligomeric sample.
Ionic strength dependence of core RAG1 oligomerization versus time
ASV and HIV integrase both contain a DDE motif, similar to RAG1. Since distribution into multiple oligomers for ASV and HIV varies with solution conditions [6, 8] it was speculated that RAG1 may also exhibit changes in oligomerization based on ionic strength or changes in pH. Although it was shown that no significant change in RAG1 oligomerization occurs with change in pH, it was found that decreasing ionic strength leads to an increase in higher order oligomeric forms [14] . To examine the relationship between ionic strength and oligomerization of different RAG1 species, we performed experiments at three different ionic strengths with each solution condition monitored versus time. The percent of each oligomeric species was determined by peak integration of the MALLS SEC data. Figure 3A shows results from the time course studies on dimeric MCR1, in which the light scattering buffer contained 0.2 M NaCl. Over time, at 0.2 M NaCl, MCR1 dimer increasingly associates to tetramer. From 0 to 48 hours, the dimeric content decreases from 69.2% to 63.9% (Fig. 3B) as tetrameric content correspondingly increases from 30.8% to 36.1%. While the MCR1 purification was done in 0.2 M NaCl, the initial fractionation to obtain the dimer:tetramer sample likely did not include all the tetrameric species. Thus we observe reassociation of dimer to tetramer to reestablish equilibria. However, it is apparent from Fig. 3B that achieving equilibrium occurs over a relatively long time period of days. Figure 3B also shows the percent of dimer in the dimer:tetramer MCR1 sample over a period of 48 hours at 0.5 and 1.0 M NaCl concentrations. This figure shows an increased dissociation to dimeric species over time at buffer conditions of 0.5 M and 1 M NaCl. From 0 to 48 hours, the dimer content increases from 79.6% to 86.7% and from 82.8% to 89.7% for 0.5 M and 1 M NaCl samples, respectively. Between 24 and 48 hours, the curves begin to level off as samples approach equilibrium. This is in contrast to the previous results at 0.2 M NaCl, in which, as described above, dimeric MCR1 associates to tetramer.
By 48 hours, the changes in oligomerization have neared equilibrium to enable an estimate of the association constant (K a ). Since the changes are slow, occurring over a time frame of several days, a reasonable estimate of the equilibrium constant from gel filtration data can be obtained [22] . The K a values determined below could be somewhat underestimated due to the small degree of dilution that may occur on the gel filtration column. However, this is likely not a major factor, given the apparent slow exchange of subunits. The assembly from dimer to tetramer may be described by the following equation:
with the association constant as follows: 2 M NaCl corresponds to the higher association to tetramer at that salt. In addition, these values predict dimeric RAG1 to be the major species present at µM levels of RAG1 as shown by MALLS SEC analysis. Figure 4A shows the MALLS SEC time course performed on octameric MCR1 at 0.5 M NaCl. From 0 to 48 hours, the octameric content slowly dissociates from 84.1% to 76.1% as dimeric content correspondingly increases from 15.9% to 23.9%. The percentages of octameric species present over time for all three ionic strengths are shown in Fig. 4B . At 0.5 M and 1 M NaCl, octameric MCR1 slowly dissociates to dimeric species. The octamer state appears to have a considerably slower off rate than tetramer. At the time points tested, the octamer to dimer dissociation is not yet approaching equilibrium, so no K a values are reported here. Octameric content decreases from 84.1% to 76.1% and from 81.7% to 74.1% at 0.5 M and 1 M NaCl, respectively. In contrast, at 0.2 M NaCl, octamer is fairly stabilized with a minimal decrease of 1.2%. These results indicate that at near physiological ionic strengths (0.2 M NaCl) the higher order oligomeric forms of RAG1 are significantly stabilized by electrostatic interactions.
Secondary structural analysis of core RAG1
In addition to the self-association properties of core RAG1, we have also investigated the secondary structure of RAG1 in different ionic strengths over time. CD spectroscopy was used to analyze the secondary structure of core RAG1. Three programs CONTIN, SELCON3, and CDSSTR were used for the analysis -a combination which gives a higher accuracy, even with a reduced spectral range (λ ≈ 200-300 nm) [26, 36] . We focused on α-helical structure since it yields the most significant change and is the most accurately determined secondary structural element within this wavelength range [36] . Previous measurements of RAG1 secondary structure used a mixture of dimer and higher order oligomers. These studies showed an increase in α-helical content with increasing ionic strength [14] . In this study, core RAG1 was separated into dimer:tetramer and octamer samples to investigate structural differences between the oligomeric states in addition to changes in response to ionic strength over time during the association and dissociation processes. Shown in Fig. 5A are the CD spectra for dimer:tetramer and octamer core RAG1 at 0.2 M NaCl measured immediately after purification. The dimer:tetramer sample has 18.6% more α-helical structure than the octamer sample. The results from the CD time course at different ionic strengths are shown in Fig. 5B . Both dimer:tetramer and octamer samples lost α-helical structure from 0 to 48 hours, but the % decrease in α-helix was greatest (from 51.2% to 32.1%) at 0.2 M NaCl for the dimer:tetramer sample. This could be due to the loss of dimer over time, corresponding with the results from the MALLS SEC studies, where at 0.5 M NaCl and 1.0 M NaCl, over time, dimer increases while tetramer and octamer decrease, but at 0.2 M NaCl, dimer associates to tetramer and the octamer species is stabilized. In addition, each day, from 0.2 M NaCl to 1 M NaCl, the α-helical content increased for dimer:tetramer sample, but decreased for octamer sample. At higher salt concentrations, the increase of dimer in the dimer:tetramer sample could result in the increase in α-helical content. Since the octamer has a slower off rate, it is possible that the loss of octamer structure at the higher salt concentrations was not completely compensated by the slow increase in dimer structure.
Free energy of core RAG1 association
Using the data from the previous sections, an estimate of the free energy of RAG1 association and an overall model may be formulated. Salt dependent changes in equilibrium constants indicate that ions are involved in the association process. Assuming that hydration interactions are small,
where ∆v Na+Cl = the number of mole equivalents of ions released during association [7] . By this equation, the number of charged groups involved in stabilizing the tetramer may be estimated. At the change from 0. [28, 32] to 3 kcal/mol [3] of free energy. The ∆∆G from 0.2 to 1.0 M NaCl is approximately 1.0 kcal/mol; therefore, the increase in tetramer formation at 0.2 M NaCl versus 1.0 M NaCl is due to the formation of, at most, two salt bridges. We speculate that the free energy for tetramer stability changes with ionic strength and can be represented by the diagram in Fig. 6 .
Discussion
To understand the mechanism of V(D)J recombination, it is important to systematically study the macromolecular interactions occurring at each step in the reaction. We have begun our investigation with RAG1 as it contains the DNA binding motifs and the active site necessary for activity of the recombinase [4, 9, 35] . Here we report self-association properties and secondary structural traits of separate dimer and octamer samples of core RAG1. Previous MALLS SEC studies have identified dimeric and tetrameric states of RAG1 [14] . Here we have identified a stable octamer species able to dissociate into dimer. Although tetramer and dimer are probably the major forms of core RAG1, the octamer (most stable at physiological ionic strength) may serve some function during V(D)J recombination, such as a negative regulatory role as a reservoir of RAG1. RAG2 is regulated during the cell cycle [20] while RAG1 is typically long-lived [30] and perhaps regulated by other means.
The estimated association of RAG1 to the higher order oligomers is relatively weak. According to the estimated K a , RAG1 exists mostly as dimer at µM concentrations, but the higher oligomeric forms are not in fast exchange with the dimer and demonstrate appreciably slow off rates. In addition, the physiological concentration of RAG1 is not known; within the nucleus, immunofluorescence studies have shown that RAG1 and RAG2 are enriched within discrete regions [34] (William Rodgers, personal communication). This would significantly increase local protein concentration, possibly inducing the formation of the higher order oligomers, which once they form are extremely stable. Furthermore, RAG2 or the specific RSS sequence may affect the equilibrium in vivo, stabilizing a particular oligomeric state. Of note, SEC studies have indicated that the presence of the RSS induces tetramer formation [14] . Significantly, at ionic strength close to physiological levels (0.2 M NaCl), the higher order oligomers are most stable and association from dimer to tetramer is most favored. If a conformational change is induced at the lower ionic strengths, as suggested by the CD analysis, this could be responsible for the slow off rate. Together, these results suggest that electrostatic interactions at low salt concentrations (0.2 M) prefer the tetrameric state and may be responsible for inducing certain conformational changes important during V(D)J recombination.
Experimental
MBP fused to core RAG1, referred to as MBP-core RAG1 (MCR1), is encoded by plasmid pCJM233 as previously described [29] . MCR1 was expressed in Escherichia coli and purified as previously described with the following exceptions [4] . The MALLS SEC buffer and CD buffer described below (containing 0.2 M NaCl) were used as the gel filtration buffer for purifying the MCR1 that was used in the respective experiments.
MALLS SEC was performed using a DAWN DSP laserphotometer coupled with an Optilab DSP interferometric refractometer (Wyatt Technology, Santa Barbara, CA) and combined in-line with a Superdex 200 HR 10/30 gel filtration column (Amersham Pharmacia, Piscataway, NJ). The column buffer was comprised of 20 mM Tris pH 8.0, 50 µM ZnCl 2 , 5 mM β-mercaptoethanol (BME), and 0.2, 0.5, or 1.0 M NaCl. Protein was pooled into dimer or higher order oligomer samples immediately from the HPLC step of purification, concentrated, and adjusted to the proper salt concentration prior to MALLS SEC measurements. During the time course, protein was stored at 4
• C between measurements to stabilize the protein. For each experiment, initial protein concentrations were between 1.1 and 1.6 mg/ml. Astra 4.72 software was used to perform the molecular mass calculations. On the basis that the refractive input is considered constant from unmodified proteins, the dn/dc values were set at 0.19 for the molecular mass calculations [39] .
The CD spectroscopy experiments were accomplished using a JASCO J715 Spectropolarimeter with a PTC-348WI peltier temperature controller (Jasco, Corp., Tokyo, Japan). Spectral parameters were as follows: 300-200 nm wavelength range, 0.1 cm cuvette pathlength, and 10 accumulations per spectrum. All CD measurements were performed at 20 • C. CD buffer consisted of 10 mM Tris pH 8.0, 10 µM ZnCl 2 , 1 mM BME, and 0.2, 0.5, or 1.0 M NaCl. Use of BME was needed for preventing protein crosslinking and disruption of zinc binding sites [27] . Protein was pooled into dimer or higher-order oligomer samples immediately from the gel filtration step of purification and adjusted to the proper salt concentration prior to CD measurements. During the time course, protein was stored at 4 • C between measurements. Final protein concentrations were between 0.11 and 0.23 mg/ml. The CDPro software package (available online at http://lamar.colostate.edu/∼sreeram/CDPro) was used to obtain protein secondary structural content [36] . The three programs offered in the software package, CONTIN, SELCON3, and CDSSTR, were run using the same 43 protein reference library. For each protein sample, the values obtained from the software calculations were averaged to give the α-helix and β-sheet percentages.
